To understand the pathogenesis and develop an animal model of severe acute respiratory syndrome (SARS)associated coronavirus (SARS-CoV), the Frankfurt 1 SARS-CoV isolate was passaged serially in young F344 rats. Young rats were susceptible to SARS-CoV but cleared the virus rapidly within 3 to 5 days of intranasal inoculation. After 10 serial passages, replication and virulence of SARS-CoV were increased in the respiratory tract of young rats without clinical signs. By contrast, adult rats infected with the passaged virus showed respiratory symptoms and severe pathological lesions in the lung. Levels of inflammatory cytokines in sera and lung tissues were significantly higher in adult F344 rats than in young rats. During in vivo passage of SARS-CoV, a single amino acid substitution was introduced within the binding domain of the viral spike protein recognizing angiotensin-converting enzyme 2 (ACE2), which is known as a SARS-CoV receptor. The rat-passaged virus more efficiently infected CHO cells expressing rat ACE2 than did the original isolate. These results strongly indicate that host and virus factors such as advanced age and virus adaptation are critical for the development of SARS in rats.
The epidemic of severe acute respiratory syndrome (SARS) spread rapidly worldwide during the winter of 2003 to 2004 (16; http://www.who.int/csr/sars/country/en/). SARS-associated coronavirus (SARS-CoV) has been identified as the etiological agent of SARS (4, 5, 12, 14, 28) . SARS-CoV has caused progressive respiratory failure and death of approximately 800 individuals, approximately 10% of over 8,000 patients (http: //www.who.int/csr/sars/country/en/). Common symptoms of SARS are fever, nonproductive cough, myalgia, and dyspnea. An age of 60 years or older, comorbid disease, male sex, high neutrophil counts, and several biochemical abnormalities are associated with poor outcomes (1, 3, 16, 27, 38) . Advanced age in particular is recognized as an independent correlate of adverse outcomes and a predictor of mortality.
Experimental animals, particularly monkeys, have been infected with SARS-CoV to analyze various pathogenic aspects of SARS according to Koch's postulates and to develop animal models to evaluate potential vaccines and antiviral agents (2, 5, 6, 7, 14, 17, 24, 30, 31, 34) . Cats, ferrets, mice, pigs, guinea pigs, hamsters, chickens, and rats have also been investigated for SARS-CoV susceptibility (22, 23, 32, 33, 39) . All these animals are susceptible to SARS-CoV after intrarespiratory inoculation and exhibit virus excretion in pharyngeal or nasal swabs, histopathological pulmonary lesions, and seroconversion. In monkeys, aged mice, and Syrian hamsters, infection is not lethal but results in consolidative pneumonitis that resolves within 1 week (7, 24, 30, 32, 33, 34) . Thus, existing animal models are useful to analyze the pathology associated with early phases of SARS-CoV infection and to provide insights into early events in SARS-CoV infection.
The SARS-CoV spike (S) protein mediates the infection of receptor-bearing cells. In the case of several avian and mammalian coronaviruses, the S protein is cleaved by furin or a related protease into S1 and S2 proteins. The S1 protein bears the receptor attachment site, and the S2 protein mediates fusion activity (15) . Angiotensin-converting enzyme 2 (ACE2) is a functional receptor for SARS-CoV that binds SARS-CoV S protein with a high affinity (18, 19, 20) . Several reports suggest that ACE2 is a physiologically relevant receptor during infection. Its protein expression pattern corresponds to the localization of virus infection in humans and animals (10, 35) . Also, the efficiency of infection in humans and other species correlates with the ability of ACE2 in that species to support viral replication (18, 21) . Structural analysis of the peptidase domain of human, palm civet, mouse, and rat ACE2 with the SARS-CoV receptor-binding domain of S1 has identified aspects of that interface that enable efficient cross-species infection and human-to-human transmission (18) . Interestingly, rat ACE2 does not support infection by SARS-CoV.
The objectives of this study were to understand the pathogenesis of and develop an animal model for SARS. We found that the Frankfurt 1 isolate of SARS-CoV replicated in the respiratory tracts of F344 rats without associated clinical symptoms. We passaged the Frankfurt 1 isolate serially in young F344 rats and found that by the 10th passage, the virus was altered such that it replicated more efficiently in rats than did the original virus. Furthermore, adult rats showed more severe acute lung injury than did young rats after infection with the passaged virus. Higher levels of cytokines were seen in adult rats than in young rats after infection. Analysis of the nucleotide sequence of passaged virus encoding relevant S1 domains identified a missense mutation in the receptor binding domain. We found that this mutation is responsible for more efficient viral replication in rats. Comparative analysis of immune responses including an elevation in cytokine levels and histopathological findings in young and adult animals is crucial for understanding SARS pathogenesis.
MATERIALS AND METHODS
Viruses and cells. The SARS-CoV Frankfurt 1 isolate used here was kindly supplied by John Ziebuhr, Institute of Virology and Immunology, University of Würzburg, Würzburg, Germany. Virus was propagated twice in Vero E6 cells purchased from the American Type Culture Collection (Manassas, VA). Vero E6 cells were cultured in Eagle's minimal essential medium (MEM) containing 5% fetal bovine serum, 50 IU of penicillin G, and 50 g of streptomycin per ml. Titers of this stock were expressed as 50% of the tissue culture infectious dose (TCID 50 ), which was calculated according to the Behrens-Kärber method using Vero E6 cells. Work with infectious SARS-CoV was performed under biosafety level 3 conditions.
Experimental infection of rats with SARS-CoV. F344 rats (4-week-old females purchased from Japan SLC, Inc.) were inoculated intranasally with SARS-CoV in a volume of 100 l into the left nostril under anesthesia using an intraperitoneal injection of 0.1 ml/10 g body weight of 1.00 mg of ketamine (Ketalar) plus 0.02 mg of xylazine. Each animal was bled under ether anesthesia and sacrificed on days 3, 5, 7, and 21 postinoculation (p.i.). Animals were housed in biosafety level 3 animal facilities. Protocols for animal experiments were approved by the Animal Care and Use Committee of the National Institute of Infectious Diseases, Tokyo, Japan.
Serial in vivo passage of SARS-CoV in rats. The Frankfurt 1 isolate was serially passaged 10 times in 4-week-old female F344 rats. After intranasal inoculation, three rats were sacrificed on day 3 p.i. to collect bronchoalveolar wash fluids. Lungs were removed under sterile conditions, washed three times, and homogenized in 2 ml phosphate buffer containing 0.1% bovine serum albumin, 20 IU of penicillin G, 20 l of streptomycin, and 1 g of amphotericin B per ml. The wash fluid was then serially inoculated into F344 rats 10 times. At the 5th and 10th passage, wash fluids (F-ratV and F-ratX, respectively) were checked for virulence in rats. After 10 passages, lung homogenates were centrifuged at 2,000 rpm for 20 min, and the supernatant was used to infect Vero E6 cells. Cells were infected with 1 ml of the homogenates in 10 ml of MEM containing 2% fetal bovine serum. After 1 h of absorption, the inoculum was removed, and MEM containing 2% fetal bovine serum was added. Infected cell cultures were continuously incubated at 37°C with 5% CO 2 . Cells were harvested 2 days after infection and treated once by freeze-thawing. After centrifugation at 2,000 rpm for 20 min, the supernatant was used as the virus inoculum (F-ratX-VeroE6).
Frankfurt 1, F-ratV, F-ratX, and F-ratX-VeroE6 were intranasally inoculated into 4-week-old female F344 rats. While still under ether anesthesia, the rats were bled and sacrificed by exsanguination on days 3, 5, 7, and 21 p.i., respectively. Three of the six rats were analyzed for virus replication and cytokine responses, and the other three were investigated histopathologically on each day. F-ratX-VeroE6 was similarly inoculated into adult F344 rats (7-to 8-month-old males purchased from Charles River, Inc., Japan). After intranasal inoculation with 100 l of the virus, three adult rats were bled under ether anesthesia and killed by exsanguination on days 3, 5, and 7 p.i. to analyze virus replication and cytokine responses. Adult rats were also used for pathological examination on days 3, 5, 7, 14, and 21 p.i. Follow-up experiments were performed using 200 l of strain F-ratX-VeroE6 using adult rats for pathological examination on days 3, 5, 7, and 14 p.i.
Virus isolation and titration. Tissue homogenates (20% [wt/vol]) from lung or maxilla including nasal cavity were prepared in MEM containing 2% fetal bovine serum, 50 IU of penicillin G, 50 g of streptomycin, and 2.5 g of amphotericin B per ml. Samples were clarified by centrifugation at 2,000 rpm for 20 min, and supernatants were inoculated onto VeroE6 cell cultures for virus isolation and titration.
Neutralizing antibody. Plasma samples were diluted twofold in a range from 1:10 to 1:320 with MEM containing 2% fetal bovine serum, 50 IU of penicillin G, 50 g of streptomycin, and 2.5 g of amphotericin B per ml. Each sample was mixed with the same volume of MEM containing SARS-CoV at an infectious dose of 100 TCID 50 per 100 l, and the mixture was incubated for 1 h at 37°C for neutralization. After incubation, 100 l of each sample was inoculated onto monolayers of Vero E6 cells in 96-well culture plates, which were incubated at 37°C with 5% CO 2 . After 48 h, cells were examined for cytopathic effects (CPEs). The neutralizing antibody was determined as a reciprocal of the highest dilution at which a CPE was not observed.
Histopathology and immunohistochemistry. Animals were anesthetized and perfused with 10 ml of 10% phosphate-buffered formalin. Fixed tissues of lung, heart, kidney, liver, spleen, small and large intestine, brain, spinal cord, and maxilla including nasal cavity were routinely embedded in paraffin, sectioned, and stained with hematoxylin and eosin. Maxilla samples were decalcified in phosphate-buffered saline (PBS) (pH 7.4) plus 10% EDTA before embedding. Immunohistochemical detection of the SARS-CoV and ACE2 antigens was performed on paraffin-embedded sections. Rabbit antibodies against SARS-CoV and recombinant human ACE2 (R&D Systems, MN) were used as first antibodies. After deparaffining with xylene, sections were hydrated in ethanol and immersed in PBS. Antigens were retrieved by hydrolytic autoclaving for 20 min at 121°C in 10 mM/liter sodium citrate-sodium chloride buffer (pH 6.0). After cooling, sections were immersed in PBS. Endogenous peroxidase was blocked by 1% hydrogen peroxide in methanol for 30 min. After washing in PBS, the sections were treated with normal rabbit serum for 5 min and then incubated with antibodies against SARS-CoV or ACE2 overnight at 4°C. After three washes in PBS, the sections were incubated with biotin-conjugated anti-rabbit immunoglobulin G for 30 min at 37°C, followed by streptavidin-peroxidase for 30 min at room temperature. Peroxidase activity was developed in diaminobenzidine with hydrogen peroxide. Nuclei were counterstained by hematoxylin.
RNA extraction, RT-PCR, and sequencing. One hundred microliters of wash fluids and lung homogenates was treated with TRIzol (Invitrogen, Gaithersburg, MD) according to the manufacturer's instructions and then treated with DNase I (Promega, Madison, WI). RNA was dissolved in 20 l RNase-free water. RNA extracted from the wash fluids and lung homogenates was used to generate cDNA. One microgram of eluted RNA samples was reverse transcribed using the ImProm-II reverse transcription (RT) system (Promega, Madison, WI) in a 20-l reaction mixture containing 0.5 g of random primers, 0.5 mM of deoxynucleoside triphosphates, 30 units of rRNasin RNase inhibitor, and 4 mM of MgCl 2 . Mixtures were annealed at 25°C for 5 min and then incubated at 42°C for 60 min for extension, followed by heat inactivation at 70°C for 15 min. Reverse-transcribed products were stored at Ϫ20°C. A primer pair targeting the ORF7b region of SARS-CoV sequences (27415P [5Ј-CTCTTGCTGACAATAAAT-3Ј] and 27790N [5Ј-GAGAAGTTTCATGTTCGT-3Ј]) was used to detect deletion mutants. For PCR, 2.0 l of cDNA was amplified in a 50-l reaction mixture containing 0.2 M each of forward and reverse primers and a high-fidelity PCR Master kit (Roche Diagnostics, Indianapolis, IN). PCR was performed as follows: (i) 4 min at 94°C and then (ii) 35 cycles, with 1 cycle consisting of 1 min at 94°C, 90 s at 55°C, and 2 min at 72°C. Products were analyzed by agarose gel electrophoresis. Water controls were included in each assay, and no false positives were observed in negative-control reactions.
In subsequent experiments, four pairs of primers targeted to spike coding region sequences (nucleotides 20751 to 26610) were used to analyze the virus genome from lung homogenates. Regions and primers were as follows: PCR15-2 (5Ј-AATACACCTACTTTAGCTGTACCCTACAAC-3Ј) and Sr10 (5Ј-ATCAC CGACTGTGACTTG-3Ј) for region 1, Seq51 (5Ј-TTGTCCGTGGTTGGGTT TTTGG-3Ј) and PCR16R (5Ј-GTAATAAAGAAACTGTATGGTAACTAGC AC-3Ј) for region 2, PCR17 (5Ј-CAGCTTGGCGCATATATTCTACTGGAAA C-3Ј) and Sr4 (5Ј-CCATTGAACTTCTGCGCA-3Ј) for region 3, and Sf7 (5Ј-C CTGACCCTCTAAAGCCA-3Ј) and PCR18R (5Ј-TCTGTAGACAACAGCAA GCACAAAACAAGC-3Ј) for region 4. For PCR, 1.0 l of cDNA was amplified in a 50-l reaction mixture containing 0.15 M each of forward and reverse primers using the Expand Long PCR system (Roche Diagnostics, Indianapolis, IN). PCR was performed as follows: (i) 2 min at 94°C and (ii) 40 cycles, with 1 cycle consisting of 10 s at 94°C, 30 s at 55°C, and 8 min at 68°C. Correctly sized products were purified by using a QIAquick gel extraction kit (QIAGEN GmbH, Germany) and sequenced using a BigDye Terminator v3.1 Cycle Sequencing kit (Applied Biosystems, Foster City, CA). Sequencing products were analyzed by using an ABI PRISM 3700 DNA analyzer (Applied Biosystems, Foster City, CA). Both sense and antisense sequences of PCR products were sequenced at least once.
Cytokine multiplex analysis. Samples of sera and supernatants of 20% homogenates of lungs were analyzed for 10 cytokines (interleukin-1␣ [IL-1␣], IL-1␤, IL-2, IL-4, IL-6, IL-10, IL-12, tumor necrosis factor alpha [TNF-␣], gamma interferon [IFN-␥], and granulocyte-macrophage colony-stimulating factor) with Luminex 200 (Luminex Co, Austin, TX) using a Rat Cytokine 10-plex antibody bead kit (BioSource International, Inc., Camarillo, CA) according to the manufacturer's instructions. Both samples were subjected to UV irradiation for 10 min and stored at Ϫ80°C. Homogenized lung tissue samples were diluted VOL. 81, 2007 RAT-ADAPTED SARS-CoV 1849 1:1 in cell extraction buffer (10 mM Tris, pH 7.4, 100 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM NaF, 20 mM Na 4 P 2 O 7 , 2 mM Na 3 VO 4 , 1% Triton X-100, 10% glycerol, 0.1% sodium dodecyl sulfate, and 0.5% deoxycholate; BioSource International, Inc., Camarillo, CA) for 30 min on ice with vortexing at 10-min intervals and centrifuged at 13,000 rpm for 10 min at 4°C. Supernatants were diluted 1:5 in assay diluent and assayed. Multiplex beads were vortexed and sonicated for 30 s, and 25 l was added to each well of a 96-well filter plate and washed twice with wash buffer. Samples were diluted 1:2 with assay diluent and loaded onto a Millipore Multiscreen BV 96-well filter plate to which 50 l of incubation buffer had been added to each well. Serial dilutions of cytokine standards were prepared in parallel and added to the plate. Samples were incubated on a plate shaker in the dark at room temperature for 2 h. The plate was applied to a Millipore Multiscreen vacuum manifold and washed twice with 200 l wash buffer, and 100 l of biotinylated anti-rat multicytokine detector antibody was added to each well. The plate was shaken again as described above for 1 h, applied to a Millipore Multiscreen vacuum manifold, and washed twice with 200 l wash buffer. One hundred microliters of streptavidin R-phycoerythrin was added directly to each well, and the plate was shaken again as described above for 30 min, applied to the vacuum manifold, and washed twice. One hundred microliters of wash buffer was added to each well, and the plate was shaken for 3 min. The assay plate was analyzed using the Bio-Plex Luminex 100 XYP instrument. Cytokine concentrations were calculated using Bio-Plex Manager 3.0 software with a five-parameter curve-fitting algorithm applied for standard curve calculations.
Infection of rat ACE2-expressing CHO cells with in vivo-passaged SARS-CoV.
Rat ACE2 cDNA was amplified by PCR from reverse-transcribed rat kidney RNA using primers mACE2f2 (5Ј-TTGCTCAGTGGATGGGATCTTGGC-3Ј) and ratACE2r1 (5Ј-GCATACAGTAAAATGACGACGAGTG-3Ј) and cloned into a pcDNA 3.1(ϩ) vector (Invitrogen, Grand Island, NY). A variant rat ACE2 gene with amino acid residues 82 to 84 (NYS) altered to residues corresponding to human ACE2 (MYP) was generated as described previously by Li et al. (20) and cloned into pcDNA 3.1(ϩ). CHO cells were transfected with plasmids encoding either form. Cells were infected with the Frankfurt 1 isolate or F-ratX-VeroE6 at a multiplicity of infection of 0.002, and culture supernatants were harvested 72 h p.i. for virus titration.
Molecular modeling of a complex of rat-passaged SARS-CoV spike protein and rat ACE2. To predict the three-dimensional (3-D) structure of the receptor binding domain of rat-passaged SARS-CoV spike protein complexed with rat ACE2, we used the crystal structure of the receptor binding domain of SARS-CoV spike protein/human ACE2 complex at a 2.9-Å resolution (Protein Data Bank accession number 2AJF) (18) as a template for homology modeling. 3-D models were constructed independently by a homology modeling technique using MOE-Align and MOE-Homology in the Molecular Operating Environment (MOE) (Chemical Computing Group Inc., Canada) as described previously (11). 3-D structures were thermodynamically optimized by energy minimization using MOE and an AMBER99 force field (29) . Physically unacceptable local structures of optimized 3-D models were further refined using the Ramachandran plot program packaged in MOE.
Statistical analysis. All data were analyzed by Student's t test.
RESULTS

Enhanced virulence of SARS-CoV after serial in vivo passage in rats.
Three days after intranasal inoculation with the Frankfurt 1 isolate of SARS-CoV, histopathological lesions in lungs of young F344 rats (4-week-old females, three rats per group) were mild, and virus antigen-positive cells were rarely seen ( Fig. 1A ). During 10 serial passages of the Frankfurt 1 isolate, the virus was consistently identified in the maxillar tissue, including the nasal cavity, lung tissue, and lung fluids ( Fig. 1B) . In nasal wash fluids, infectious virus was not detectable after the fourth passage.
It has been reported that a variant of the Frankfurt 1 isolate emerged in which 45 nucleotides (nucleotides 27670 to 27714) are deleted within ORF7b upon replication in cell culture (36) . Thus, the Frankfurt 1 isolate used in the present study was a mixture of the original virus without the deletion and a variant carrying the deletion (Fig. 1C) . A variant with the deletion in the ORF7b region was detected in nasal and lung washes of Frankfurt 1-infected rats; however, during serial passage in vivo, that variant was not detected (Fig. 1C and D) . Replication and pathogenicity of the 5th and 10th serially passaged viruses (referred to as F-ratV and F-ratX, respectively) in the FIG. 1. Experimental infection and serial in vivo passages of SARS-CoV in young F344 rats (4-week-old females; n ϭ 3). (A) Hematoxylin-and eosin-stained tissue section of lung. After intranasal inoculation with the Frankfurt 1 isolate, no inflammatory reaction in bronchi was observed. A few virus-positive cells in bronchi were seen by immunohistochemistry using SARS-CoV-specific antibody (inset, arrowheads). Br, bronchi; Al, alveoli; BV, blood vessel (magnification, ϫ20; inset magnification, ϫ40). (B) Virus titers were detected in the maxilla including nasal cavity and lung tissue homogenates and lung wash fluids following 10 serial passages. The detection limit was 10 1.5 TCID 50 /g of tissue. (C) DNA of serially passaged virus was amplified by RT-PCR of lung wash fluids using primers specific for ORF7bencoding cDNA. No ORF7b deletion mutant was replicated during the serial passage. Positive indicates that the Frankfurt 1 isolate was amplified by RT-PCR; negative indicates that distilled water was used as a negative control. (D) Viral DNA was amplified by RT-PCR of nasal and lung wash fluids on day 3 p.i. using ORF7b primers. A 45-nucleotide in-frame deletion in ORF7b was detected in nasal and lung wash fluid from one animal (animal 3) and two animals (animals 1 and 2) after infection with the Frankfurt 1 isolate, respectively. F-ratV and F-ratX virus were passaged 5 and 10 times serially, respectively. The same positive and negative controls were used in C.
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NAGATA ET AL. J. VIROL. respiratory tract of young F344 rats were higher than that seen with the original Frankfurt 1 isolate ( Fig. 2 and Table 1 ). Young F344 rats inoculated with the original Frankfurt 1 isolate showed neither inflammatory lesions in lung nor virus antigen-positive cells in the nasal cavity on day 3 p.i. ( Fig. 2A and F). After intranasal inoculation with F-ratV, virus antigens were observed immunohistochemically in the respiratory epithelia of the trachea, bronchi, and nasal cavity, which was accompanied by slight inflammatory reactions on day 3 p.i. (Fig. 2B , C, and G). More virus antigen-positive cells were seen in respiratory epithelia including the alveolar area of strain F-ratX-inoculated rats than in Frankfurt 1-or F-ratV-inoculated rats along with severe inflammatory reactions ( Fig. 2D , E, and H). Inflammatory reactions, including neutrophils, macrophages, and lymphocytes, as well as microhemorrhage, were seen on day 5 p.i. (Fig. 2D and E) . Thus, serial in vivo passage of virus in young rats increased SARS-CoV virulence. None of young F344 rats inoculated with the Frankfurt 1 isolate, F-ratV, or F-ratX showed any obvious clinical signs, and they survived until the observation period.
Increased pathogenicity of serially passaged SARS-CoV in adult rats. In humans, advanced age is associated with greater mortality in SARS patients. Thus, we analyzed potential differences in clinical and pathological features following infection of young (4-week-old females) and adult (7-to 8-monthold males) rats with F-ratX. Since quantities of the F-ratX 
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RAT-ADAPTED SARS-CoV preparation were limited, the virus was propagated once in Vero E6 cells (referred to as F-rat-X-VeroE6) before inoculation. Histopathological features of the lung tissue 3 days after infection with the F-ratX-VeroE6 strain (100 l of 10 6.4 TCID 50 ) differed between young and adult rats ( Fig. 3 and Table 1 ). In young rats without clinical symptoms, inflammatory infiltrates were seen around bronchi, bronchioles, and alveoli ( Fig. 3A to C) . Virus antigen-positive cells were located at epithelia of the bronchi, bronchioles, and alveoli at day 3 p.i. (Fig. 3B and C, inset) . Inflammatory cells such as neutrophils, macrophages, and lymphocytes infiltrated around the affected respiratory tracts ( Fig. 3B and C) . Mild edema was seen around blood vessels (Fig. 3B) . By contrast, after infection, adult rats became lethargic and showed ruffled fur and abdominal breathing. Grossly, a few lobes of the lungs showed congestion, edema, and consolidation at days 3 and 5 p.i. Furthermore, the inflammatory reaction, especially pulmonary edema, was more severe in adult than in young rats (Fig. 3D ). Histopathological features of lung tissue on days 3 (Fig. 3E and F) , 5 (Fig. 3G ), and 7 ( Fig. 3H and I) p.i. showed bronchiolitis obliterans organizing pneumonia and diffuse alveolar damage, which are observed in early phases of human SARS. The major inflammatory cells in alveoli were neutrophils and activated macrophages. Fibrin deposition and hyaline membrane formation in alveolar ducts and alveoli were observed (Fig. 3F) . By immunohistochemical staining, virus antigen-positive cells were alveolar macrophages and necrotic cells in the lesion (Fig.  3E to G, inset). There were no histopathological changes in the extrapulmonary tissues (brain, spinal cord, heart, liver, kidney, spleen, thymus, and gastrointestinal tract) of any of the animals examined. All the animals survived until the observation period.
Induction of cytokines in SARS-CoV-infected young and adult rats. To analyze the differences in pathogenicity seen in young and adult rats after infection with F-ratX-VeroE6, we examined cytokine levels in sera and lung homogenates (Fig.  4) . Young F344 rats inoculated with medium containing 2% fetal bovine serum (100 l) or the Frankfurt 1 isolate (100 l of 10 7 TCID 50 ) served as controls. F-ratX-VeroE6 strain-infected adult rats showed significantly elevated levels of all 10 cytokines examined (P Ͻ 0.05) compared with mock-infected young rats (Fig. 4A ). Levels of all 10 cytokines were also significantly different (P Ͻ 0.05) between young and adult rats infected with F-ratX-VeroE6. Adult rats showed elevated levels of IFN-␥ (P Ͻ 0.01), IL-1␣ (P ϭ 0.01), IL-6 (P Ͻ 0.01), IL-10 (P Ͻ 0.01), IL-12 (P Ͻ 0.01), granulocyte-macrophage colony-stimulating factor (P ϭ 0.02), IL-4 (P Ͻ 0.01), and IL-1␤ (P Ͻ 0.01) after inoculation (P value between preinfected adult rats and F-ratX-VeroE6-infected adult rats on day 3 p.i.).
In lung homogenates, F-ratX-VeroE6-infected young and adult rats showed elevated levels of IFN-␥ (P ϭ 0.012 on day 3 and P ϭ 0.029 on day 5 for young rats; P ϭ 0.031 on day 3, P Ͻ 0.01 on day 5, and P ϭ 0.032 on day 7 for adult rats) compared with mock-infected young rats (Fig. 4B ). Elevated levels of IL-6 were observed early in infection in adult rats infected with F-ratX-VeroE6 compared with mock-infected rats (P ϭ 0.028). Interestingly, IL-10 levels, which were significantly elevated in sera, deceased significantly in lung homogenates from adult rats infected with F-ratX-VeroE6 (P ϭ 0.046 on day 5 and P Ͻ 0.01 on day 7 between mock-infected young rats; P Ͻ 0.01 on day 3, P ϭ 0.055 on day 5, and P ϭ 0.009 on day 7 between strain F-ratX-VeroE6-infected young rats).
Virus titers increased significantly (P Ͻ 0.05) in nasal and lung washes and in maxillar and lung homogenates of strain F-ratX-VeroE6-infected young rats on days 3 and 5 p.i. compared with strain Frankfurt 1-infected young rats (Fig. 4C) . In contrast, in adult rats infected with the F-ratX-VeroE6 strain, virus titers increased significantly (P Ͻ 0.05) only in maxilla on day 3 p.i. and in lung washes on day 5 p.i. At day 7 p.i., the virus could not be isolated from the lungs of young and adult rats.
Introduction of a missense mutation within the ACE2 binding domain of the S protein of SARS-CoV during serial in vivo passage in rats. Immunohistochemical analyses revealed that ACE2 antigen-positive cells were found in respiratory epithelia of the trachea, bronchi, bronchioles, and alveolar cells of F344 rats (Fig. 5A) . The ACE2 protein was most abundantly expressed on cilia of the trachea and intrapulmonary bronchus (Fig. 5A ). ACE2 expression was also seen on the apical surface of bronchiolar cells and alveolar pneumocytes. During serial in vivo passage of SARS-CoV in F344 rats, virus replication sites FIG. 4 . Induction of inflammatory cytokines at the protein level in sera and lungs following SARS-CoV infection. (A) Cytokine levels in sera of F344 rats after infection. In F-ratX-VeroE6-inoculated adult rats (n ϭ 5), serum levels of all cytokines were significantly higher than those seen in young rats (n ϭ 6). Cytokine levels of adult F344 rats before infection (n ϭ 8) were as follows: IFN-␥, 20.95 pg/ml; TNF-␣, 183.77 pg/ml; IL-1␣, 371.71 pg/ml; IL-1␤, 33.64 pg/ml; IL-6, 22.54 pg/ml; IL-10, 47.07 pg/ml. (B) Cytokine levels in lung homogenates of young and adult F344 rats (n ϭ 3) after infection. IFN-␥ levels in F-ratX-VeroE6-inoculated young and adult rats were significantly higher than those seen in rats inoculated with the Frankfurt 1 isolate. IL-6 and IL-10 levels of F-ratX-VeroE6-inoculated adult rats were significantly higher and lower, respectively, than those seen in young rats. ‫ء‬P Ͻ 0.05 compared with medium-inoculated young F344 rats. (C) Virus titers of nasal and lung wash fluids and homogenates of maxilla including nasal cavity and lung of rats (n ϭ 3) after infection. The detection limit was 10 1.5 TCID 50 /g of tissue.
RAT-ADAPTED SARS-CoV 1853 in lung extended from the bronchus to the alveolar area where ACE2-positive cells were located ( Fig. 2 and 5A ). ACE2 expression appeared to correlate with the extent and location of virus antigen-positive cells. To examine whether infection by rat-passaged virus is efficiently mediated by rat ACE2, F-ratX and the Frankfurt 1 isolate were inoculated onto rat ACE2-expressing CHO cells. F-ratX replicated more efficiently in these cells than the Frankfurt 1 isolate, while both viruses replicated at the same level in CHO cells expressing an ACE2 variant in which amino acid residues 82 to 84 (NYS) were replaced by the corresponding MYP motif seen in human ACE2 (Fig. 5B ). Sequence analysis of the F-ratX strain re- vealed an A-to-C point mutation at nucleotide 1325 in the region encoding the ACE2 binding site of S1. This mutation resulted in a Y-to-S amino acid change at position 442 in the S protein. The 3-D structure of a complex of the receptor binding domain of the S protein and rat ACE2 predicts that the binding interface might be altered by such a mutation (Fig.  5C ). ACE2 expression was examined by immunohistochemistry in young or adult rats after infection with F-ratX-VeroE6 (Fig. 5D ). ACE2 antigen-positive cells disappeared in the affected bronchi of both young and adult rats. In young rats, however, ACE2 expression was seen in regenerated type II alveolar cells. By contrast, ACE2 antigen-positive cells were rarely observed in lung lesion areas of adult rats. Thus, ACE2 expression is highly downregulated in the F-ratX-VeroE6-infected adult rats.
DISCUSSION
Our goal was to understand the pathogenesis of SARS-CoV and develop an animal model of SARS. We demonstrated that serial in vivo passage of a human isolate of SARS-CoV, Frankfurt 1, in young F344 rats resulted in the increased virulence of SARS-CoV. The increased infectivity of SARS-CoV after serial passage in F344 rats was correlated with a single amino acid change in the receptor binding domain of the S1 protein, which mediates efficient SARS-CoV binding to ACE2 receptor-expressed rat cells based on both in vitro and structural studies. Adult F344 rats showed severe pathological changes compared with young F344 rats, and those changes were similar to features of human pathology recognized in the SARS epidemic of 2003 to 2004. Here, we demonstrate that both virus and host factors are crucial for the pathogenesis of SARS in vivo.
It has been reported that a virus variant in which 45 nucleotides (nucleotides 27670 to 27714) are deleted within ORF7b emerged upon replication of the Frankfurt 1 isolate in cell culture (37) . Thus, for this study, we used a mixture of the original virus and the variant carrying the deletion. The observation that a variant with the deletion was detected in Frankfurt 1-infected rat specimens but was not detected following serial in vivo passaging suggests that the ORF7b may function in viral replication in vivo.
In addition, a Y-to-S amino acid change at residue 442 of the ACE2 binding domain of the S protein occurred during serial passage of the virus in F344 rats. As we have not yet completely sequenced all of the virus genome, it is still possible that another change enhanced virus replication in the rat. However, Li et al. previously demonstrated that residues 479N and 487T within the S-protein receptor binding domain are critical for efficient interaction with human ACE2 and that these residues might be introduced into the virus by mutations during the adaptation of palm civet SARS-CoV, which has 479K and 487S, to humans (20) . It seems likely that the Y-to-S mutation at S-protein residue 442 is critical for efficient infection with rat ACE2, since F-ratX replicated more efficiently than the Frankfurt 1 isolate in rat ACE2-expressing CHO cells. Moreover, the 3-D structural prediction of a complex of the S-protein receptor binding domain and rat ACE2 suggests that the binding interface is altered by the Y-to-S mutation. Increased interactions may also be responsible for efficient replication of the virus in rat, since during serial in vivo passage of the virus, replication sites in the lung extended from the bronchus, where ACE2 is most abundantly expressed, to the alveolar area, where it is expressed at a much lower level. Thus, the Y-to-S mutation at residue 442 may partly mediate the increased virulence seen in rats.
Based on immunohistochemical analysis of ACE2 expression in the lung of F344 rats, the ACE2 protein is most abundantly expressed on the cilia of trachea and intrapulmonary bronchi. ACE2 expression appears to correlate with the extent of virus replication sites. Upon infection with F-ratX-VeroE6, ACE2 antigen-positive cells disappeared in the affected bronchi of both young and adult rats. However, ACE2 was expressed in regenerated type II alveolar cells of young rats, but that expression was significantly reduced in adult rats. The downregulation of ACE2 expression by SARS-CoV infection and the presence of the SARS-CoV spike protein in vivo and in vitro have been previously reported (13) . Since ACE2 negatively regulates the rennin-angiotensin system by inactivating angiotensin II, which is generated from angiotensin I by ACE, downregulation of ACE2 expression likely blocks the renninangiotensin pathway, which has a crucial role in severe acute lung injury (8, 13) . Thus, the downregulation of ACE2 in the lungs of adult rats likely contributes to severe lung injury.
In F-ratX-VeroE6-infected young rats, more virus antigenpositive cells were found in the respiratory epithelia, including the alveolar area, with severe inflammatory reactions; however, rats did not show clinical symptoms of illness. On the other hand, adult rats showed clinical illness and severe pathological changes following F-ratX-VeroE6 infection. Such changes paralleled features seen in human pathologies following the SARS epidemic of the winter of 2003 to 2004 and strongly indicate that host as well as viral factors function in the pathogenesis of SARS in rats. Epidemiological studies of the SARS outbreak of 2003 to 2004 showed that advanced age was a risk factor for an adverse outcome from SARS (1, 3, 16, 27, 38) . Roberts et al. previously demonstrated the efficiency of SARS-CoV replication in aged BALB/c mice (33) . Our study of animals supports the observation that advanced age is a risk factor for the development of SARS.
Histopathological analysis of adult male F344 rats after F-ratX-VeroE6 infection showed severe inflammatory reactions, especially pulmonary edema. Furthermore, morphologically activated macrophages were observed in alveoli on days 3, 5, and 7 p.i. In contrast, after intranasal inoculation of young rats with F-ratX-VeroE6, inflammatory cell infiltrates consisted of leukocytes and lymphocytes on day 3 p.i. Acute lung injury caused by SARS-CoV is likely a complex pathophysiological process involving inflammatory cytokines released from activated macrophages in alveoli, leading to immune systems dysregulation (25) . Our results suggest that the overinduction of inflammatory cytokines in sera and lung homogenates underlies the development of severe inflammation in adult rats. In lung homogenates in particular, IL-6 levels were increased significantly in adult rats after intranasal inoculation with F-ratX-VeroE6 on day 3 p.i.; however, IL-10 levels decreased significantly in adult rats on days 5 and 7 p.i. IL-6, an inflammatory cytokine, is produced by leukocytes, monocytes, endothelial cells, fibroblasts, and alveolar epithelial cells. Serum cytokine levels in SARS patients, particularly IL-6, are signif- VOL. 81, 2007 RAT-ADAPTED SARS-CoV 1855 icantly elevated (40) . In vitro studies suggest that SARS-CoV replication induces high levels of IL-6 compared with other respiratory viruses (26) . Our findings indicate that IL-6 may be produced by predominantly infiltrated leukocytes and macrophages in injured lungs and leads to enhanced inflammatory reactions. By contrast, IL-10, an immunosuppressive cytokine of macrophages, Th2 lymphocytes, and B cells, inhibits TNF-␣ production and neutrophil activation in lipopolysaccharideinduced acute lung injury and leads to decreases in lung tissue injury (9) . Therefore, decreased IL-10 levels in the lung may be responsible for the loss of protective mechanisms, enabling the inflammatory response to continue. It was reported that IL-10 levels increase in the convalescent phase in SARS patients (25) . It is currently unclear why elevated cytokine levels are observed in adult rats following F-ratX-VeroE6 infection, since virus replication rates are decreased compared to those for infected young rats. However, our in vivo study suggests that excess cytokine activation may play a key role in the clinical and pathological features of SARS.
In conclusion, we developed an animal model of SARS after SARS-CoV was passaged 10 times in F344 rats and then propagated in Vero E6 cells (F-ratX-VeroE6). This study suggests that both virus and host factors underlie the pathogenesis of SARS. Such an in vivo comparative study of immune responses of young and adult rats using the adapted virus could be useful in further understanding the pathogenesis of SARS, and this model described here should be useful to evaluate vaccine candidates and antiviral agents against SARS-CoV infection.
